Twenty-three strains representing the families Enterobacteriaceae and Vibrionaceae were analysed for fatty acid composition of whole cells by means of glass capillary column gas chromatography. Among the several alternatives tested, cluster analysis based on data normalized to hexadecanoate and logarithmically transformed provided good separations of species, genera and families. Strains from the genera Salmonella, Escherichia, Proteus, Enterobacter, Klebsiella, Vibrio and Aeromonas were studied.
I N T R O D U C T I O N
In recent years gas chromatography has been applied to the analysis of microbial cells and metabolic products (Mitruka, 1975) . This technique can provide a detailed description of bacteria, since the analytical parameters are variables measured on a continuous scale. In this respect gas chromatography is superior to biochemical analyses which mainly produce binary data.
Identification of Gram-negative bacteria from aquatic and food sources has proved difficult due to the unsatisfactory state of their classification. Analyses of cellular fatty acids were therefore undertaken as a means of classifying various representative strains from the families Enterobacteriaceae and Vibrionaceae.
To extract the maximum useful information from the complex fatty acid profiles, mathematical techniques must be applied ; various multivariate statistical methods exist for the analysis of such data (Sneath & Sokal, 1973; Spath, 1977) . In the present work, several algorithms were compared and it was found that cluster analysis based on a logarithmic transformation of data for fatty acid methyl esters (Jantzen et al., 1974) provided the best results.
RESULTS A N D DISCUSSION
Methyl esters of fatty acids containing from 12 to 20 carbon atoms were identified in the extracts of whole bacteria. A typical chromatogram is shown in Fig. 1 . Up to 15 FAMEs were identified in each extract by comparing their mass spectra and relative retention times with those of the standards. The branched Clct0 and C18:o acids were also included in the construction of the classification although standards were not available (Table 1) . Compounds eluting earlier than C12: were not studied further. Hydroxy acids were detected but were not included in the construction of the classification because of poor reproducibility of the relative peak areas. Two acids whose identity was only tentatively assigned, namely, branched C14.0 and C14:1, and which were found only in V. parahaemolyticus species were also not studied further.
In addition to the FAMEs described above, each chromatogram showed 10 to 20 unidentified components in the 1 to 10 % relative peak area range. Analysis of the extracts from 10 subcultures of V. anguillarum FSK14 revealed that eight of these small components showed good reproducibility and therefore provide data of value for classification. However, since none of these components were identified as fatty acid methyl esters, they were not included in the construction of the classification. The classification was based on only one type of compound in order to minimize problems of poor reproducibility caused by changing experimental parameters (e. g . g.1.c. columns).
By expressing the peak areas as percentages relative to hexadecanoate (Table 1) rather than to the total fatty acid methyl esters, interclass discrimination is favoured while intraclass relations are very little affected. Few studies have been reported on the analysis of fatty acids isolated from bacteria belonging to the families Enterobacteriaceae and Vibrionaceae. The profile of the major fatty acids of E. coli was described by Ingram (1 977), and was similar to that found in the present study. Distinguishing features of the family Enterobacteriaceae are the prominent hexadecanoate (C16:o) peak, and the presence of hexadecenoate (CIet1) and DL-cI'S-~, 10methylene hexadecanoate (Cl,:oA) in comparable amounts at approximately 40 % of the hexadecanoate peak. These characteristics have been reported previously for other members of the family Enterobacteuiaceae (Machtiger & O'Leary, 1973) . Fatty acids isolated from V. cholerae were described by Brian & Gardner (1968) who found a fatty acid pattern similar to that obtained from strains of Vibrio listed in Table 1 .
The reproducibility of the FAME pattern was studied by analyses of 10 subcultures of V. anguillarum FSK14 ( Table 2) . Although the overall pattern was reproducible, the results varied for individual FAMEs, notably for those having relative peak areas below lOy4. For this reason and other reasons discussed below, we decided to study the behaviour of several algorithms applied to the full data set of 17 FAMEs, and also to sets comprising only FAMEs of relative peak area > 10[;o.
The similarity matrix obtained by using algorithm R2 with 11 FAMEs, i.e. by using the logarithmic transformation 2 combined with correlation coefficients R, is shown in Table 3 . For each of the 10 subcultures of V. anguillarum, the maximum value of the similarity index was found, and the difference between the highest and lowest pairs was obtained. It can be seen from Table 3 that the highest pair is 1 and 7, with R = 100, and the lowest pair is 1 and 9, with R = 97. The complete results for the eight algorithms used with 17 and 11 FAMEs are given in Table 4 . Irrespective of the number of FAMEs included in the analysis, the raw data combined with correlation coefficients provide a treatment which is insensitive to variations in FAME pattern. Thus, this treatment cannot be expected to detect small but significant differences between bacteria. The algorithm R2 provides differences between pairs of bacteria of 6 and 3 yo for 17 and 1 1 FAMEs, respectively. These differences are considered to be appropriate considering that the test set consists of subcultures of one ( x , , , , -x , ,~~~) ;
2, x = In (1 +x); 3, x = x-x,/S,.
strain. Transformations 1 and 3 tend to exaggerate the differences between the FAME patterns and may therefore be of value in studying the fine details of the phenograms. However, other studies (described below) indicate that these two transformations are of limited value. Cluster analysis based on algorithm R2 and FAMEs with relative peak areas > 10% combines data derived from the 10 analyses of V. anguillarum FSK14 into one tight cluster with R = 0.973. A similar cluster was found for 10 subcultures of V. parahaemolyticus ATCC 17802 (R = 0.969). The long-term reproducibility of the g.1.c. analysis was evaluated by analyses of the standard mixture over a 12 month period using two different columns. Cluster analysis revealed one tight cluster with R = 0.969 based on algorithm R2 and 15 of the FAMEs listed in Table 1 , numbers 6 and 12 being excluded. Thus the raw g.1.c. data are of sufficiently high quality to permit further mathematical treatment.
The families Enterobacteriaceae and Vibrionaceae were easily separated by their different FAME patterns. Visual examination of the eight similarity matrices D,R-0,3 based on 17 FAMEs revealed that, with one exception, the two families were clearly separated. A typical similarity matrix is given in Table 5 . Algorithm R3 combining the transformation x = ( xxm)/Sx with correlation coefficients did not separate the two families. Transformation 3 weights all FAMEs equally and the poor result obtained for the two families may be connected with the great variance already noted for FAMEs with relative peak areas < 10%. However, as shown below, even in the case of using only FAMEs with relative peak areas > 10 %, transformation 3 is unsatisfactory. Fatty acid puttrrns of bacteria Table 1 ) represent five different genera within the Enterobacteriaceae. A successful cluster analysis must be able to group together strains belonging to the same genus and must also connect the constituent genera at a lower level of similarity. Examination of the eight phenograms based on 17 FAMEs revealed that algorithms RO, DO, R2 and D2 showed the expected connections between species and genera. However, levels of similarity values for species and genera overlapped and none of the algorithms based on the 17 FAMEs was satisfactory (Table 6) . Many examples of cluster analyses based on FAMEs ranging from below 1 to 100% are given in the literature. These studies should be regarded critically, and especially so as in the majority of studies no indications are given concerning the reproducibility of the FAME patterns. Classifications based on seven FAMEs with relative peak areas > 10% provided the correct relationships with the algorithms R2, D2 and D3 (Fig. 2) .
Bacteria 9 to 21 represent two genera within the family Vibrionaceae, i.e. Vibrio and Aeromonas. Within the genus Vibrio, three species were represented, viz. V. parahaemolyticus, V . anguillarum and V. ichtyoderniis. Four algorithms (RO, DO, R2 and D2) were used with the full data set of 17 FAMEs obtained with these strains. Examination of the corresponding phenograms revealed that RO and DO did not separate the two genera, but successful separations were achieved using algorithms R2 and D2. However, the latter did not separate the three Vibrio species. Thus, we conclude that with the full data set, none of the algorithms worked well. All eight algorithms R,D-0,3 were tested with a reduced data set comprising 10 FAMEs having relative peak areas > 10 yo. The phenograms based on R 1, D 1, R2 and D2 gave the correct structure, while RO, DO, R3 and D3 did not separate the two genera. Comparison of the families Enterobacteriaceae and Vibrionaceae indicated that the algorithms R2 and D2 gave satisfactory results for both families when applied to reduced data sets consisting of FAMEs having relative peak areas > Phenograms for bacteria 9 to 21 are given in Fig. 3 .
Autoscaling (transformation 3) of data for FAMEs with relative peak areas > lo:/, did not give satisfactory results, irrespective of the type of similarity index used. Autoscaling is often used as a first step in data analysis, but the present results demonstrate that this transformation should be used with caution.
The following strategy for cluster analysis of bacteria is recommended as a result of the present study : families should be separated by examination of similarity matrices based on raw data for all FAMEs, with peak areas normalized to a prominent peak (C,,,,) , and the structure within families should be studied by using only FAMEs with relative peak areas > 10 % and applying the logarithmic transformation x = In (x + 1) to the area normalized raw data.
